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The  use  of  conventional  lithium-ion  batteries  in  high  temperature  applications  (>50°C)  is  currently 
inhibited  by  the  high  reactivity  and  volatility  of  liquid  electrolytes.  Solvent-free,  solid-state  polymer 
electrolytes  allow  for  safe  and  stable  operation  of  lithium-ion  batteries,  even  at  elevated  temperatures. 
Recent  advances  in  polymer  synthesis  have  led  to  the  development  of  novel  materials  that  exhibit  solid¬ 
like  mechanical  behavior  while  providing  the  ionic  conductivities  approaching  that  of  liquid  electrolytes. 
Here  we  report  the  successful  charge  and  discharge  cycling  of  a  graft  copolymer  electrolyte  (GCE)-based 
lithium-ion  battery  at  temperatures  up  to  120  °C.  The  GCE  consists  of  poly(oxyethylene)  methacrylate-g- 
poly(dimethyl  siloxane)  (POEM-g-PDMS)  doped  with  lithium  triflate.  Using  electrochemical  impedance 
spectroscopy  (EIS),  we  analyze  the  temperature  stability  and  cycling  behavior  of  GCE-based  lithium-ion 
batteries  comprised  of  a  LiFeP04  cathode,  a  metallic  lithium  anode,  and  an  electrolyte  consisting  of  a 
20-(jum-thick  layer  of  lithium  triflate-doped  POEM-g-PDMS.  Our  results  demonstrate  the  great  potential 
of  GCE-based  Li-ion  batteries  for  high-temperature  applications. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Rechargeable  lithium-ion  batteries  have  revolutionized  the  con¬ 
sumer  electronics  industry  and,  due  to  their  superior  energy  and 
power  densities,  have  become  the  state-of-the-art  energy  storage 
technology  for  portable  devices  [1].  Applications  include,  but  are 
not  limited  to,  laptop  computers,  cell  phones,  power  tools,  and 
electrical  vehicles.  The  use  of  conventional  lithium-ion  batteries  is 
currently  limited  to  near  ambient  temperatures  (<50  °C)  because  of 
the  thermal  instability  of  electrode  materials  as  well  as  the  volatil¬ 
ity  and  reactivity  of  the  liquid  electrolytes  at  elevated  temperatures 
[1]. 

Conventional  lithium-ion  batteries  comprise  a  lithiated 
transition-metal  oxide  cathode  (e.g.  UC0O2,  LiMn204,  or  LiNi02), 
a  graphite  anode,  poly(vinylidene  fluoride)  (PVDF)  binder,  and  an 
electrolyte  containing  carbonate  solvents,  such  as  dimethyl  car¬ 
bonate  (DMC),  diethyl  carbonate  (DEC),  ethylene  carbonate  (EC), 
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or  propylene  carbonate  (PC).  Unfortunately,  these  solvents  exhibit 
a  poor  thermal  stability  and  high  vapor  pressures  at  elevated 
temperatures  [2,3].  Moreover,  most  lithiated  transition-metal 
oxides  are  known  for  becoming  unstable  in  their  delithiated  states, 
particularly  at  high  temperatures.  As  a  consequence,  in  LiCo02  and 
LiNi02,  oxygen  is  released  from  the  cathode  and  becomes  haz¬ 
ardous  threat  in  the  vicinity  of  a  decomposing  volatile  electrolyte 
that  is  above  its  flash  point  [4-6].  While  no  oxygen  is  released 
below  400  °C  from  LiMn204,  its  delithiated  state  (X-Mn02)  under¬ 
goes  a  phase  transition  at  190°C  to  p-Mn02,  which  is  a  poor 
lithium-ion  intercalant  [7,8]. 

Since  its  discovery  in  1997  by  Padhi  et  al.  [9],  the  phospho- 
olivine  structured  LiFeP04  has  been  a  promising  cathode  material 
for  lithium  batteries.  Upon  charging,  lithium  ions  are  extracted 
from  LiFeP04  and  FeP04  is  formed.  Despite  its  intrinsically  low 
electronic  conductivity,  which  can  be  enhanced  through  either 
supervalent  cation  doping  [  1 0]  or  carbon  coating  [11-13],  LiFeP04 
has  several  advantages  over  other  cathode  materials.  Most  impor¬ 
tantly,  LiFeP04  possesses  high  thermal  stability  [4,14]  and  XRD 
studies  have  shown  that  mixtures  of  LiFeP04  and  FeP04  are  sta¬ 
ble  up  to  300  °C  [15,16].  Moreover,  due  to  the  low  miscibility  of 
LiFeP04  and  FeP04  phases  [17-19],  the  two-phase  electrode  allows 
for  a  uniquely  constant  discharge  potential  of  3.4  V  relative  to  Li/Li+ 
over  a  theoretical  capacity  of  170mAhg_1  [20-22].  Finally,  com¬ 
pared  to  other  transition  metals  commonly  used  in  lithium-ion 
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battery  cathodes,  such  as  Co,  V,  or  Mn,  Fe  is  more  earth-abundant 
and  environmentally  friendly  [9]. 

While  graphite  alone  exhibits  high  thermal  stability,  the  carbon 
anodes  may  react  with  the  volatile  electrolytes  or  decompos¬ 
ing  polymer  binder  at  elevated  temperatures.  The  multilayered, 
mosaic-structured  passivation  layer,  often  referred  to  as  the  solid- 
electrolyte  interphase  (SEI)  layer  protecting  the  graphite  anode 
against  the  highly  reactive  electrolytes,  typically  undergoes  decom¬ 
position  at  100  °C  [23].  However,  the  presence  of  a  passivation  film 
is  necessary  to  prevent  runaway  corrosion  of  the  anode  by  the 
electrolyte.  Continued  decomposition  and  re-growth  of  the  pro¬ 
tective  layer  result  in  the  consumption  of  both  electrolyte  and 
anode  material.  This  accelerates  the  capacity  fade  of  the  batteries 
and  causes  exothermic  reactions  that  eventually  lead  to  thermal 
runaway  [24-26]. 

Several  approaches  have  been  explored  to  improve  the  ther¬ 
mal  stability  of  rechargeable  lithium-ion  batteries.  Novak  et  al. 
demonstrated  the  cycling  of  a  Li/CuO  cell  with  polyethylene 
oxide)  (PEO)  at  120°C.  However,  the  PEO  showed  low  room- 
temperature  conductivity,  and  the  battery  suffered  from  low 
operating  potential  and  poor  cyclability  [27].  Ganesan  et  al.  studied 
a  lithium  lanthanoid  silicate-based  solid  electrolyte  at  tempera¬ 
tures  up  to  850  °C,  but  the  room-temperature  conductivity  of  the 
material  was  less  than  10-7Scm-1  [28].  Munoz-Rojas  and  co¬ 
workers  cycled  a  LiFeP04/Li  cell  at  250  °C  using  a  molten  lithium 
bis(trifluoromethanesulfonyl)imide  (LiTFSI)  salt  electrolyte,  but 
observed  limited  cyclability.  Moreover,  their  battery  required 
extensive  modification  to  the  cell  construction  and  was  not  oper¬ 
ational  at  temperature  below  the  melting  point  of  LiTFSI  [29]. 
Recently,  ionic  liquids  have  received  much  attention  for  their 
thermal  stability  and  low  flammability,  but  their  electrochemical 
stability  at  elevated  temperatures  remains  a  challenge  [30]. 

Solid  polymer  electrolytes  do  not  suffer  from  high  volatility  or 
high  vapor  pressure  and  exhibit  higher  thermal  stability  than  do 
liquid  electrolytes,  allowing  for  a  safe  and  stable  operation  at  tem¬ 
peratures  exceeding  100°C.  In  gel  or  hybrid  polymer  electrolytes, 
carbonate  solvents  are  used  as  plasticizers  to  improve  the  room- 
temperature  conductivity  [1]  but,  the  volatility  of  these  liquids 
limits  the  temperature  operation  window  to  below  90  °C. 

The  range  of  potential  applications  for  temperature-stable 
lithium-ion  batteries  is  wide.  Applications  may  include  electrical 
vehicles  (EVs),  exploration  vehicles  in  spaceflight,  and  measure- 
while-drilling  (MWD)  tools  used  by  the  oil  industry  to  mention  a 
few.  Since  its  first  discovery  in  the  1970s,  PEO  has  been  the  clas¬ 
sic  example  of  an  ion-conducting  polymer  [31 ,32].  Although  recent 
work  by  Zhang  et  al.  and  Gadjourova  at  el.  demonstrated  that  ion 
conduction  is  possible  in  crystalline  polymers  [33,34],  the  major¬ 
ity  of  the  previous  studies  focused  on  the  amorphous  phase,  where 
ion  transport  is  dependent  on  the  segmental  motion  of  the  polymer 
chains  [35-40].  When  lithium  salts  are  introduced  to  the  polymer 
matrix  forming  PEO/LiX  complexes,  the  oxygen  atoms  from  both 
the  PEO  chains  and  the  anions  coordinate  the  lithium  ions  [41]. 
These  coordination  bonds  are  constantly  formed  and  destroyed 
thus  allowing  for  lithium-ion  transport.  Due  to  the  higher  chain 
mobility,  these  processes  are  more  facile  in  polymers  that  exhibit 
low  glass-transition  temperatures  (Tg).  This  has  guided  the  design 
of  polymer  electrolytes,  where  both  low  Tg  and  suppressed  crys¬ 
tallinity  are  desired  to  provide  high  ionic  conductivity.  At  the  same 
time,  the  polymer  electrolyte  also  serves  as  the  separator,  for  which 
mechanical  integrity  is  a  critical  requirement.  Therefore,  a  balance 
is  needed  between  high  conductivity,  hence  “liquid-like”  electrical 
behavior,  and  mechanical  integrity,  hence  “solid-like”  mechanical 
behavior. 

Trapa  et  al.  developed  an  amphiphilic  graft  copolymer 
electrolyte  (GCE)  with  a  diblock  structure  comprising  a  flex¬ 
ible,  ion-conducting  poly(oxyethylene)  methacrylate  (POEM) 


block  (hydrophilic)  and  a  poly(dimethyl  siloxane)  (PDMS)  block 
(hydrophobic)  [42].  The  chemical  structure  of  this  material  is 
shown  in  Fig.  4  inset.  The  microphase  separation  between  the  two 
blocks  gives  rise  to  a  mechanically  stable  polymer  network.  The  low 
TgS  of  POEM  (Tg  =  -60  °C)  and  PDMS  (Tg  =  -123  °C)  confer  sufficient 
room-temperature  ionic  conductivity  on  the  material.  The  GCE  (GC 
doped  with  the  lithium  salt,  LiCF3S03 )  has  a  conductivity  exceeding 
the  industry  benchmark  of  10-4  Scm-1  [1,26,43]  at  temperatures 
above  60  °C,  and  the  polymer  does  not  decompose  at  tempera¬ 
tures  as  high  as  250-300  °C  [42].  Moreover,  unlike  gel  or  plasticized 
polymer  electrolytes,  the  GCE  is  not  flammable  and  therefore  does 
not  constitute  fire  hazard,  making  GCE-based  lithium-ion  batteries 
a  safe  alternative  to  conventional  liquid  electrolyte-  or  gel-based 
cells. 

While  the  reactivity  of  liquid  electrolytes  with  elemental  lithium 
and  potential  dendrite  growth  during  charging  inhibit  safe  opera¬ 
tion  of  lithium  metal  anodes  in  conventional  lithium-ion  batteries, 
GCE-based  cells  have  shown  themselves  in  long-term  cycle  testing 
to  be  immune  to  these  undesirable  behaviors  [42,63,64].  We  spec¬ 
ulate  that  the  GCE  functions  as  a  leveling  agent  to  prevent  localized 
runaway  deposition  of  lithium.  Hence,  switching  to  a  solid  polymer 
electrolyte  removes  the  volatile  components,  and  metallic  lithium, 
which  has  almost  ten  times  the  specific  capacity  of  graphite  [44], 
can  be  safely  utilized  as  a  preferred  anode  material. 

Here  we  report  the  high-temperature  performance  of  polymer- 
based  solid-state  lithium-ion  battery  (LiFeP04/GCE/Li)  and  demon¬ 
strate  the  safe  operation  of  GCE-based  cells  without  the  need  for 
pressure  housings  or  other  protective  measures.  Electrochemi¬ 
cal  impedance  spectroscopy  (EIS)  is  used  to  analyze  the  thermal 
stability  and  cycling  behavior  of  GCE-based  lithium-ion  batteries 
comprised  of  a  LiFeP04  cathode,  a  metallic  lithium  anode,  and  a 
20-p,m-thick  layer  of  lithium  triflate-doped  POEM-g-PDMS. 


2.  Experimental 

The  graft  copolymer  (GC)  was  synthesized  using  the  robust  free- 
radical  synthesis  technique  described  in  Ref.  [42].  The  electrolyte 
was  prepared  by  complexing  lithium  trifluoromethane-sulfonate 
or  triflate  (LiCF3S03)  salt  (Sigma-Aldrich,  99.995%  purity)  into  the 
GC  at  a  Li:EO  ratio  of  1:20.  Both  the  polymer  and  salt  were  co¬ 
solvated  using  tetrahydrofuran  (THF)  (Sigma-Aldrich,  anhydrous, 
>99.9%  purity). 

In  order  to  ensure  ion  conduction  throughout  the  cathode,  the 
GCE  was  also  used  as  the  binder  material  replacing  the  non-ion- 
conducting  poly(vinylidene  fluoride)  (PVDF)  which  is  commonly 
used  in  lithium  batteries  containing  a  liquid  electrolyte. 

The  cathode  was  synthesized  by  mixing  ball-milled  LiFeP04 
powders  (Linyi  Gelon  New  Battery  Materials)  and  carbon  black 
(Super  P),  and  dissolving  the  mixture  in  GCE  solution  at  the  weight 
ratio  of  5:1:1.  The  resulting  slurry  was  then  sonicated,  magneti¬ 
cally  stirred  to  ensure  proper  mixing,  and  cast  onto  aluminum  foil. 
The  electrode  was  dried  under  argon  atmosphere.  A  second  layer  of 
pure  GCE  solution  was  cast  onto  the  dried  electrode.  After  the  sol¬ 
vent  evaporated,  the  electrode  was  dried  overnight  at  80  °C  inside 
a  vacuum  oven  to  remove  the  residual  THF  and  any  moisture. 

Discs  (area  =  1.4  cm2)  were  punched  out  of  the  electrode  film, 
and  assembled  into  CR2032  coin  cells  along  with  equal-sized  metal¬ 
lic  lithium  discs  (Sigma-Aldrich,  0.75  mm  thick).  A  second  set  of 
cells  comprised  a  commercially  available  LiFeP04-based  cathode 
(Valence  Technology),  liquid  electrolyte  of  1  M  LiPF6  in  EC:DMC  at 
1:1  ratio  (LP30,  Merck),  PVDF  separator  (Celgard),  and  the  same 
metallic  lithium  anode  (Sigma  Aldrich).  All  cells  were  assembled  in 
an  argon-filled  glove  box  with  a  dew  point  of  -80  °C. 

For  high-temperature  testing,  the  coin  cells  were  wrapped 
in  resistive  heating  tape,  and  the  temperature  of  each  cell  was 
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Fig.  1.  SEM  image  of  a  composite  cathode  containing  LiFeP04,  LiCF3S03-doped 
GCE,  and  amorphous  carbon.  The  LiFeP04  particles  are  coated  with  both  GCE  and 
amorphous  carbon  allowing  for  high  electronic  and  high  ionic  conductivities  simul¬ 
taneously. 


measured  by  type-K  thermocouple.  In  all  experiments,  the  heat¬ 
ing  rate  was  less  than  5  °C  min-1 ,  and  the  temperature  fluctuations 
remained  below  2°C.  Before  high-temperature  measurements 
were  performed,  each  cell  was  first  cycled  (3  cycles)  at  room  tem¬ 
perature  to  form  passivation  layers  on  metallic  lithium  and  to 
balance  the  cells. 

A  multichannel  Maccor  4000  battery  tester  was  used  for  cycle 
testing.  EIS  measurements  were  performed  with  a  Solartron  Elec¬ 


trochemical  Interface  1286  coupled  to  a  Solartron  Frequency 
Response  Analyzer  1260.  Scans  ranged  from  1  MHz  to  100  mHz 
under  an  AC  potential  of  10  mV  at  open  circuit.  The  software 
Zsim  (EChem  Software)  was  used  to  fit  the  data  and  to  gener¬ 
ate  impedance  plots.  Scanning  electron  microscopy  (SEM)  images 
were  made  with  a  Zeiss  Supra  using  an  electron  beam  of  27  kV 
and  magnification  of  70kx .  Fourier  transform  infrared  spectroscopy 
(FTIR)  was  performed  with  a  Thermo  Nicolet  NEXUS  670  spectrom¬ 
eter  equipped  with  a  diamond  attenuated  total  reflection  (ATR) 
accessory.  ATR-IR  spectra  were  obtained  at  1  cm-1  resolution  and 
summed  over  100  scans.  Isothermal  thermogravimetric  analysis 
(TGA)  was  done  under  flowing  nitrogen  using  a  TA  Instruments 
Q50.  Differential  scanning  calorimetry  (DSC)  was  performed  using 
a  Q1000  differential  scanning  calorimeter  (TA  Instruments).  The 
heating/cooling  rate  was  10°Cmin-1,  and  the  nitrogen  purge  rate 
was  50mLmin-1. 


3.  Results  and  discussion 

Fig.  1  shows  the  SEM  image  of  a  composite  cathode  comprised 
of  LiFeP04,  LiCF3S03 -doped  GCE,  and  amorphous  carbon.  Using  the 
slurry  casting  technique,  LiFeP04  particles  were  coated  with  both 
amorphous  carbon  and  GCE  thus  providing  both  electronic  and 
ionic  conduction  paths  throughout  the  entire  electrode. 

The  room-temperature  charge  and  discharge  characteristics 
of  a  LiFeP04/GCE/Li  battery  are  shown  in  Fig.  2a  in  comparison 
to  those  of  a  conventional  LiFePO4/LP30/Li  cell.  While  the  GCE- 
based  cells  exhibit  a  slightly  larger  overpotential  than  their  liquid 
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Fig.  2.  Room-temperature  charge  and  discharge  curves  of  LiFeP04/GCE/Li  and  commercial  LiFePO4/LP30/Li  cells  (a),  and  capacity  changes  of  the  LiFeP04/GCE/Li  battery 
during  cycle-testing  (b).  The  current  densities  used  in  these  experiments  were  10  mAg-1  and  15  mAg-1  for  LiFeP04/GCE/Li  and  commercial  LiFeP04/LP30/Li,  respectively. 


Fig.  3.  Charge  and  discharge  curves  (a)  and  cycling  capacity  (b)  of  LiFeP04/GCE/Li  at  120 °C.  The  current  density  used  was  10  mAg-1. 
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Fig.  4.  FTIR  spectra  of  unheated  and  heated  (140  °C)  graft  copolymer.  Chemical  structure  of  the  graft  copolymer  (inset).  The  graft  copolymer  shows  discoloration  after  heating 
(inset). 
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electrolyte-based  counterparts,  the  discharge  capacity  is  similar  to 
that  of  LP30-based  Li-ion  batteries  (~1 50  mAh  g-1 ).  The  theoretical 
specific  capacity  of  LiFeP04  (~1 70  mAh  g-1 )  is  not  achieved  since  it 
is  limited  by  the  lithium  diffusion  within  LiFeP04  particles,  which  is 
low  at  room  temperature  [45,46].  Upon  room-temperature  cycling 
(Fig.  2b)  the  discharge  capacity  of  the  LiFeP04/GCE/Li  cell  increases 
during  the  first  10-15  cycles,  followed  by  a  slight  capacity  fade 
(~1.1%  per  cycle).  The  energy  efficiency  during  the  first  few  cycles 
is  low  (large  charge/discharge  capacity  ratio),  possibly  due  to  the 
irreversible  capacity  loss  related  to  the  formation  of  the  passiva¬ 
tion  layer  at  lithium  anode.  The  passivation  film  could  result  from 
reactions  between  lithium  and  residual  THF  solvent  or  the  CF3SO3- 
anions,  which  are  known  to  produce  LiF  species  [47]. 

Fligh-temperature  testing  of  the  LiFeP04/GCE/Li  cells  (Fig.  3a) 
showed  that  the  charge/discharge  performance  at  120°C  (Fig.  3a) 
is  comparable  to  that  of  the  commercial  LiFeP04/LP30/Li  cells  at 
room  temperature  (compare  Figs.  2a  and  3a).  Moreover,  due  to 
the  increased  Li-ion  mobility  in  LiFeP04/FeP04  mixed  phases  at 
elevated  temperature,  nearly  the  full  theoretical  specific  capacity 
of  170  mAh  g-1  is  achieved  [48].  Fig.  3b  shows  charge/discharge 


Fig.  5.  DSC  spectra  of  undoped  graft  copolymer  (GC)  and  doped  graft  copolymer 
electrolyte  (GCE).  The  cooling  and  heating  rates  were  10°Cmin_1. 


capacity  of  LiFeP04/GCE/Li  cells  upon  cycling  at  1 20  °C  with  a  capac¬ 
ity  retention  exceeding  100  mAh  g-1  for  30  cycles. 

We  observed  a  decreasing  energy  efficiency  after  the  first 
few  cycles  due  to  an  increasing  charge  capacity  and  steady  fade 
in  discharge  capacity,  consistent  with  the  results  reported  by 
Andersson  el  al.  [46].  Since  the  charge  capacity  of  LiFeP04  cannot 
exceed  ~170mAhg-1,  the  excessive  capacity  must  be  ascribed  to 
other  electron  consuming  reactions,  such  as  the  formation  of  a  pas¬ 
sivation  layer.  Temperature-induced  volume  expansion  of  metallic 
lithium  may  exert  mechanical  stress  on  the  passivation  film,  lead¬ 
ing  to  cracking  and  the  exposure  of  fresh  lithium  to  the  electrolyte. 

Isothermal  TGA  study  of  the  GC  at  140  °C  under  inert  atmo¬ 
sphere  revealed  a  weight  loss  of  less  than  2%  over  50  h.  Flowever, 
the  graft  copolymer  showed  discoloration  after  long  exposure  to 
elevated  temperatures  (Fig.  4  inset).  FTIR  analysis  of  the  GC  before 
and  after  heating  revealed  cleavage  of  different  bonds  within  the 
polymer  (Fig.  4).  The  most  significant  changes  upon  heating  are  the 
decreases  in  the  symmetric  and  asymmetric  stretching  modes  of 
C-FI  in  the  methyl  CFI3  (peaks  between  2800  and  3000  cm-1)  and 
the  stretching  mode  of  the  carbonyl  (C=0)  groups  (~1730cm-1), 


Fig.  6.  Ragone  plot  for  LiFeP04/GCE/Li  cells  at  various  temperatures  in  comparison 
to  room- temperature  measurements  obtained  from  LiFePO4/LP30/Li  battery. 
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ZRe  Cycle  Number 

Fig.  7.  Typical  EIS  spectrum  for  LiFeP04/GCE/Li  (a)  and  equivalent  circuit  model  (a  inset).  Evolution  of  various  impedance  components  during  room-temperature  cycling  (b). 


both  of  which  are  associated  with  the  methacrylate  backbone. 
Decays  are  also  observed  in  O-Si-O  (from  the  PDMS  sidechain), 
C-O-C,  and  C-H  in  CH2  (from  the  POEM  sidechain).  Si-CH3  remains 
stable  during  heating  [49-51  ]. 

Despite  the  potential  bond  cleavages  in  the  PDMS  domain  and 
the  backbone  after  prolonged  heating,  both  the  undoped  graft 
copolymer  (GC)  and  the  doped  graft  copolymer  electrolyte  (GCE) 
are  stable  and  do  not  undergo  additional  phase  transformations  or 
decomposition  reactions  above  60  °C,  as  evident  in  the  DSC  heating 
curves  shown  in  Fig.  5.  In  the  case  of  GC,  the  Tg  of  the  POEM  domain 
is  observed  at  approximately  -67  °C.  The  exothermic  peak  around 
-35  °C  is  associated  with  the  crystallization  temperature  (Tc)  of 
the  PDMS  domain,  while  the  endothermic  peak  around  -7  °C  cor¬ 
responds  to  the  melting  temperatures  (Tm)  of  the  PDMS  domain 
[42,52].  In  the  lithium  triflate-doped  GCE  curve,  no  Tc  or  Tm  from 
the  PDMS  domain  is  observed,  while  the  Tg  of  the  POEM  domain 
is  observed  at  -55  °C.  The  higher  Tg  in  the  POEM  domain  and  the 
absence  of  Tm  and  Tc  in  the  PDMS  domain  of  the  GCE  suggest  that 
the  solvation  of  the  Li+  cations  by  the  PEO  units  reduces  the  seg¬ 
mental  motion  in  the  amorphous  POEM  domain  and  suppresses  the 
crystallinity  in  the  PDMS  domain.  In  both  cases  no  crystallization 
or  melting  of  the  POEM  domain  is  observed,  suggesting  that  PEO  is 
completely  amorphous. 

So  far,  for  both  low-temperature  (Fig.  2)  and  high- temperature 
(Fig.  3)  charge  and  discharge  cycling,  relatively  low  current  den¬ 
sities  (<15mAg-1)  were  used.  Fig.  6  shows  the  Ragone  plot  for 
the  GCE  cells  at  various  temperatures,  reflecting  the  tradeoff 
between  energy  density  and  power  density.  At  large  currents,  the 
cell  performance  becomes  diffusion-limited  and  the  cell  capacity 


decreases.  For  the  LP30-based  cells,  only  room-temperature  data 
were  recorded.  In  the  case  of  the  GCE-based  cells,  performance 
at  ~60°C  is  of  particular  interest  since  this  temperature  is  in  the 
range  of  the  melting  point  of  PEO  [43,53,54].  As  indicated  in  Fig.  6, 
at  room  temperature  the  energy  densities  of  the  GCE  and  LP30- 
based  cells  are  comparable  at  low  power  densities.  As  the  power 
density  is  increased  from  25  to  50Wkg-1,  the  energy  density  of 
the  GCE-based  cell  falls  drastically.  However,  at  elevated  temper¬ 
atures  (>60°C),  the  decrease  in  energy  density  of  the  GCE-based 
cell  with  increasing  power  density  is  significantly  smaller  due  to 
the  higher  mobility  of  PEO  chains.  Above  60  °C,  the  performance  of 
the  GCE-based  cell  becomes  less  dependent  on  temperature  and 
comparable  to  the  room-temperature  performance  of  the  liquid 
electrolyte-based  cells. 

EIS  was  used  to  study  changes  in  resistance  of  the  various 
cell  components  and  to  evaluate  their  dependence  on  cycling  and 
temperature.  Fig.  7a  shows  the  Nyquist  plot  of  a  fully  discharged 
LiFeP04/GCE/Li  cell  and  the  corresponding  equivalent  circuit  model 
(ECM)  used  for  EIS  analysis  (inset  in  Fig.  7a)  [55-57].  At  high 
frequency,  a  non-zero  x-axis  intercept  indicates  the  presence  of 
solution  resistance,  or  resistance  through  the  bulk  GCE  (Rbulk)  [42], 
and  is  represented  by  a  resistor  in  the  ECM.  In  the  high  frequency 
region,  several  overlapping  semicircles  associated  with  lithium- 
ion  transport  through  a  multilayered  passivation  film  are  observed 
(Rsei)-  The  multilayer  characteristic  of  the  passivation  film  is  repre¬ 
sented  by  multiple  R||C  parallel  circuits  in  series,  akin  to  the  Voight 
model  [58].  At  medium  and  low  frequencies,  the  impedance  contri¬ 
butions  result  primarily  from  the  charge-transfer  resistance  (RCt) 
and  double-layer  capacitance  (Cdl)  at  the  electrode/electrolyte 


Fig.  8.  Impedance  through  bulk  electrolyte  (a)  and  across  interfacial  layers  (b)  as  function  of  increasing  temperature. 
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interface,  as  well  as  solid-state  diffusion  through  the  active  elec¬ 
trode  materials  (Warburg  element)  [59,60]. 

In  order  to  analyze  changes  in  the  impedance  of  LiFeP04/GCE/Li 
cells  upon  cycling,  EIS  was  performed  after  each  cycle  (fully 
discharged  state)  for  50  cycles  at  room  temperature,  and  the  param¬ 
eters  extracted  from  the  fitting  program  are  plotted  in  Fig.  7b.  We 
observe  that  Rbulk  increases  in  the  early  cycles  but  quickly  sta¬ 
bilizes,  suggesting  no  or  littler  changes  in  the  GCE  during  long 
cycling.  Similarly,  RCj  remains  relatively  constant  upon  cycling, 
revealing  a  high  thermal  stability  of  the  electrode  materials.  In 
the  case  of  RSei>  5  R\\C  elements  were  used  to  fit  the  interfacial 
passivation  film  and  the  sum  of  their  resistances  is  plotted.  A 
total  of  14  circuit  elements  was  used  in  the  fitting.  We  observe 
a  steady  increase  in  RSei>  indicating  an  unimpeded  growth  of  the 
SEI  layer,  and  causing  the  capacity  fade  seen  in  Fig.  2b.  As  illus¬ 
trated  in  Fig.  7b,  the  overall  cell  resistance  is  dominated  by  Rs ei 
and  Rct,  suggesting  that  the  performance-limiting  factor  is  not  the 
electrolyte  but  the  electrode/electrolyte  interface.  Future  work  on 
lithium  polymer  batteries  should  therefore  focus  not  only  on  opti¬ 
mizing  the  conductivity  of  the  polymer  electrolyte,  but  also  on 
modifying  the  electrode/electrolyte  interface  to  decrease  interfa¬ 
cial  impedance. 

In  Fig.  8,  EIS  is  performed  on  discharged  LiFeP04/GCE/Li  cells 
after  the  5th  cycle  at  various  temperatures.  Since  RBulk  (Fig-  8a) 
is  simply  the  resistance  of  the  pure  GCE,  its  temperature  depen¬ 
dence  agrees  with  the  Vogel-Fulcher-Tammann  behavior  typical 
for  polymer  conduction  in  the  amorphous  phase  [42].  Flowever, 
the  interfacial  impedance,  Rs ei  (Fig.  7b),  goes  through  a  mini¬ 
mum,  decreasing  up  to  80  °C  and  then  increasing  above  100  °C. 
This  is  consistent  with  changes  in  the  reaction  selectivity  in 
the  passivation  film,  causing  the  film  to  be  more  resistant  to 
lithium  transport,  and  leading  to  discharge  capacity  fade  seen  in 
Fig.  3b. 


4.  Conclusion 

In  this  study,  we  show  for  the  first  time  that  Li-ion  bat¬ 
teries  can  safely  be  operated  over  a  wide  temperature  range, 
reaching  temperatures  up  to  120°C  or  more,  without  the  need 
of  pressure  housing  or  other  protective  measures.  Since  both 
the  cathode  and  the  GC  are  shown  to  be  stable  up  to  300  °C, 
it  is  most  likely  the  anode  that  dictates  the  current  tempera¬ 
ture  limitations.  Indeed,  at  higher  temperatures  (>120  °C)  metallic 
lithium  becomes  too  reactive,  leading  to  the  observed  capacity  fade. 
Switching  to  a  more  temperature-stable  anode,  such  as  graphite 
or  a  lithium  alloy,  may  further  increase  the  upper  temperature 
limit  of  operation.  However,  a  trade-off  between  energy  density, 
cycle  life,  and  temperature  stability  must  be  made  since  these 
alternative  anode  materials  each  exhibit  lower  capacities  and/or 
experience  significant  volume  changes  that  limit  the  cycle  life 
[61]. 

The  physical  model  of  lithium  polymer  batteries  is  compli¬ 
cated  by  the  presence  of  an  interfacial  passivation  film,  not  to 
mention  by  diffusion  and  transport  processes  within  the  bulk 
electrolyte  and  electrodes  [62].  While  EIS  can  be  used  to  differen¬ 
tiate  between  the  various  components,  future  studies  using  in  situ 
Raman  spectroscopy,  FTIR,  and  electron  microscopy  techniques  will 
be  required  to  identify  the  molecular  species  involved,  and  to  vali¬ 
date  the  assumptions  made  from  EIS  data.  Both  room  and  elevated 
temperature  EIS  data  presented  in  this  study  indicate  that  the  dom¬ 
inant  performance-limiting  factor  in  a  cell  fitted  with  a  GCE  is 
not  associated  with  the  electrolyte  or  the  electrodes,  but  with  the 
electrode/electrolyte  interfaces.  Understanding  these  interfacial 
phenomena  will  be  key  to  the  development  of  safe,  polymer-based 
solid-state  lithium-ion  batteries. 
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